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Edited by Miguel De la RosaAbstract Information is limited on sulfur (S)-sources inside
plant cells for synthesis of the proteins for acclimation to S-star-
vation. We found that a green alga, Chlamydomonas reinhardtii,
when transferred to S-starved conditions, degrades 85% of a
chloroplast membrane lipid, sulfoquinovosyl diacylglycerol
(SQDG), to redistribute its S to a large part of protein fraction
as early as by 6 h. Furthermore, the degradation of SQDG pre-
ceded that of proteins such as ribulose bisphosphate carboxylase/
oxygenase, the candidates of internal S-sources. SQDG was thus
demonstrated to yield a major internal S-source for protein syn-
thesis during the early phase of acclimation process to S-starva-
tion.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Chlamydomonas reinhardtii1. Introduction
In plants, sulfur (S) is a macro-nutritional element utilized
for synthesis of proteins and a wide variety of metabolites that
are critical for growth [1], and a mechanism has evolved to
cope with starvation of environmental sulfate, the predomi-
nant S-compound to be incorporated [2]. Upon S-starvation,
a green alga, Chlamydomonas reinhardtii, and a seed plant,
Arabidopsis thaliana, upregulate the sulfate uptake capacity
and primary S-assimilation for the synthesis of cysteine at least
through control of the transcript levels of the responsible genes
(e.g. [3,4]). On the other hand, regulation to minimize S con-
sumption and/or to remobilize S during S-starvation, which
would sustain the primary S-assimilation, has been implied,
involving downregulation of the synthesis of glucosinolates
and upregulation of their breakdown in A. thaliana [5] and
degradation of a part of the cell-wall proteins to be replaced
by those with less abundant S-containing amino acids to
restructure the cell wall in C. reinhardtii [6]. The stimulationAbbreviations: Chl, chlorophyll; Rubisco, ribulose bisphosphate car-
boxylase/oxygenase; S, sulfur; SQDG, sulfoquinovosyl diacylglycerol;
TAP, tris/acetate/phosphate; TCA, trichloroacetic acid
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doi:10.1016/j.febslet.2007.08.035of the systems that produce cysteine, as described above, can
be regarded as attempts of plants to meet the demand for cys-
teine and its derivative methionine for the synthesis of proteins
to be expressed during acclimation to S-starvation, yet infor-
mation is limited as to the internal S-source for this protein
synthesis.
Sulfoquinovosyl diacylglycerol (SQDG), which contains sul-
foquinovose as the head group, is widely distributed among
oxygenic photosynthetic organisms from cyanobacteria to seed
plants, constructing membranes of the photosynthetic appara-
tus such as thylakoids. We previously showed that SQDG con-
tributes to photosystem II (PSII) as a membrane lipid in a
cyanobacterium, Synechocystis sp. PCC6803 [7], and C. rein-
hardtii through characterization of their mutants deﬁcient in
SQDG synthesis [8,9]. In this study, we showed that, in C. rein-
hardtii, SQDG is degraded to yield the major pool of sulfur for
the protein synthesis upon S-starvation.2. Materials and methods
2.1. Strains and growth conditions
C. reinhardtii CC125 was mixotrophically grown in a ﬂask contain-
ing the Tris/Acetate/Phosphate (TAP) medium on a rotary shaker
(120 rpm) with continuous illumination (60 lmol photons m2 s1) at
30 C. For transfer to S-starved conditions, cells grown to the midlog-
arithmic phase (1–5 · 106 cells mL1) were harvested by centrifuga-
tion, washed twice and then resuspended in the S-free TAP medium
(TAP-S) that was prepared by replacing sulfate with chloride [6].
Growth of the cells was monitored by determination of the optical den-
sity at 730 nm. The chlorophyll (Chl) concentration was determined
spectrophotometrically as described in [10].
2.2. [35S] Labeling of the cells and fractionation of [35S]-labeled
compounds
C. reinhardtii cells were incubated in the TAP medium contain-
ing 37 kBq mL1 of [35S] sulfate (55.28 MBq nmol1) for universal
labeling of S-compounds. The cells then were shifted to the non-radi-
olabeled TAP or TAP-S medium for further growth. The cell suspen-
sion was centrifuged for separation of a supernatant (medium fraction)
at the indicated times. The pelleted cells were washed with fresh med-
ium, and thereafter resuspended in CHCl3 for agitation with a vortex
mixer and subsequent centrifugation for separation of the supernatant
and precipitate. The supernatant was mixed with an equal volume of
methanol and a half volume of water for agitation, and then was sep-
arated into upper (water-soluble fraction) and lower (lipid-soluble
fraction) layers by centrifugation. The precipitate was resuspended in
500 lL of H2O for disruption with a sonicator (Soniﬁer 250D, Bran-
son, MI, USA). An aliquot of the extract was mixed with the same vol-
ume of a 20% ice-cold TCA solution, and thereafter centrifuged to
produce a supernatant (TCA-supernatant fraction) and precipitate
(protein fraction). The radioactivity in each fraction was measuredblished by Elsevier B.V. All rights reserved.
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pan). The radioactivity of the sulfolipid was quantiﬁed with a BAS
imaging analyzer (BAS2000, Fuji Film, Tokyo, Japan) on the thin-
layer chromatography (TLC) plate, where total lipids extracted from
the cells according to the method of Bligh and Dyer [11] were separated
into individual lipid classes as described previously [8].
2.3. Protein analysis
Whole cell extracts were prepared through disruption of the cells in
an extraction buﬀer (5 mM Tricine–NaOH, pH7.8, 5 mM NaCl, 1 mM
MgCl2) by sonication. Samples equivalent to 100 lL of the culture
were subjected to SDS–PAGE and subsequent Western analysis with
commercially available antibodies against the large subunit of ribulose
bisphosphate carboxylase/oxygenase (rubisco) was performed with
ECL plus Western Blotting Detection System (GE Healthcare).3. Results and discussion
3.1. Change of the membrane lipid SQDG into an internal sulfur
source for protein synthesis in the early phase of S-
starvation
Plants exposed to S-starvation induce expression of a special
set of genes including those for sulfate uptake and assimilation
for survival, concomitantly maintaining expression of genes
that support physiologically fundamental functions at the
proper level (e.g. [3,4,12]). To identify the S-source for the
mechanism of acclimation to S-starvation, we investigated
the behavior of S-containing compounds in C. reinhardtii.
After removal of sulfate from the TAP culture ﬂuid for mixo-
trophic growth, C. reinhardtii showed typical symptoms of S-
starved plants, as Zhang et al. reported previously [13].
Growth was retarded with greatly decreased accumulation of
Chl and total proteins, reﬂecting reduced synthesis of proteins
especially those of Chl–protein complexes (Fig. 1A–C). Less
remarkable eﬀects of S-starvation in our study relative to those
in the previous one (e.g. a 1.3-fold increase of the Chl contentFig. 1. Eﬀects of S-starvation on growth, Chl accumulation, and protein c
OD730 = 0.2, were further grown in the same medium (triangles) or were s
proteins. The values represent the means ± S.E. of three independent experi
Table 1
Distribution of [35S] into cellular fractions
Radioactivity(%) in fractions
Culture conditions Protein Lipid soluble
0 h 68 ± 3 13 ± 1
6 h (plus S) 74 ± 2 11 ± 0
6 h (minus S) 83 ± 1 3 ± 0
The culture was separated into protein, lipid soluble, water-soluble, TCA-su
monitored by liquid scintillation counter.
The values are averages ± S.E. of three independent experiments.during S-starvation of 24 h in this study despite no increase
in [13]) would result from the lower intensity of growth light
in our study (60 lmol photons m2 s1, cf. 200 lmol pho-
tons m2s1 in [13]) that should greatly prevent the cells from
being physiologically damaged, but not from incomplete re-
moval of environmental S. Anyway, it should be emphasized
that the levels of Chl and total proteins deﬁnitely increased
although at much-reduced rates (Fig. 1B and C).
We then universally labeled S-compounds in the cells by
incubation in a medium containing [35S] sulfate for ca. 2–3
days, i.e. to the point where the cell density reached 10–12
times the initial level, thereafter shifting the cells to the normal
non-labeling or S-starved medium for chasing of the label in S-
compounds. At the end of the labeling, a large part of the
radioactivity was found in the protein fraction (68%), the rest
being in the lipid-soluble (13%), water-soluble (9%), and tri-
chloroacetic acid (TCA)-supernatant (11%) fractions (Table
1). The radioactivity of the lipid-soluble fraction was attrib-
uted largely to SQDG (88%, data not shown), while the
water-soluble and TCA-supernatant fractions were considered
to include small compounds such as sulfate and amino acids,
and low molecular weight polypeptides, respectively. During
the following chase period of 6 h with repletion of [32S] sulfate,
the relative radioactivity of the protein fraction increased from
68% to 74%, concomitantly with a decrease in that of the
water-soluble fraction from 9% to 4%, however, there were
no remarkable changes in the other fractions such as the
lipid-soluble fraction including SQDG (Fig. 2A). Thus, S in
the water-soluble fraction seemed to be utilized for the synthe-
sis of proteins under S-replete conditions.
However, S-starvation for 6 h, relative to S-repletion, led to
a greater increase in the radioactivity of the protein fraction up
to 83%, which could be attributed to a drastic decrease in the
radioactivity of the lipid-soluble fraction from 13% to 3%, i.e.
to a reduction in the radioactivity of SQDG to 15% of the ini-ontents. Cells, which had been grown in the TAP medium to about
hifted to the TAP-S medium (circles). (A) OD730. (B) Chl. (C) Total
ments.
Water-soluble TCA-supernatant Medium
9 ± 3 11 ± 0 –
4 ± 1 8 ± 0 3 ± 1
4 ± 1 7 ± 0 3 ± 1
pernatant, and medium fractions. Radioactivity of each fraction was
Fig. 2. Stability of SQDG and acyl SQDG. (A, B) Cells were cultured for three days in the presence of [35S] sulfate, and thereafter shifted to the TAP
medium with [32S] sulfate (solid triangles) or the TAP-S medium (open circles). Sulfolipids, SQDG (A) and acyl-SQDG (B), were then separated by
TLC for measurement of their radioactivity. The values are averages ± S.E. of 3–5 independent experiments. (C) Cells grown normally were shifted to
nitrogen (N)- or phosphorus (P)-starved conditions and then incubated for 12 h. Total lipids, total lipids were separated by one-dimensional TLC
with a solvent system of chloroform/methanol/conc. NH3 solution (65:35:5, by vol.). SQDG + PG, a mixed fraction of SQDG and PG that was
separated from total lipids by TLC with a solvent system of chloroform/methanol/water (65:25:4, by vol.) was subjected to the second TLC with the
solvent system of chloroform/methanol/conc. NH3 solution.
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the water-soluble fraction (Table 1 and Fig. 2A). These results
indicated that proteins accumulating during S-starvation
(Fig. 1C) are synthesized through inﬂux of S mainly from
SQDG. The radioactivity of SQDG was further decreased to
3% at 24 h (Fig. 2A), which corresponded to a decrease pattern
in the SQDG content on bases of total lipids and proteins to
0.8% and 0.7% of the initial levels, respectively, in 24 h (data
not shown). Thus, SQDG is relatively stable in chloroplast
membranes in external S-replete cells, but is subjected to deg-
radation to supply S for the synthesis of proteins during the
early phase of S-starvation within 6 h. On the other hand,
the radioactivity of acyl SQDG was small in C. reinhardtii,
consistent with a previous report (ca. 1% of SQDG, Fig. 2B,
[14]), but increased during the chase period with repletion of
[32S] sulfate probably through its synthesis from preexisting
[35S] SQDG. S-starvation decreased the radioactivity of acyl-
SQDG, but only gradually, which implied that acyl-SQDG
contributes as an S-supplier much less positively than SQDG.
It was also noted that the loss of SQDG accompanied an
increase in the content of phosphatidylglycerol that like SQDG
possesses a negative charge in the polar head group (Fig. 2C),
consistently with a notion that chloroplast membranes such as
thylakoids require a deﬁned level of anionic membrane lipids
in total for proper function [15].
In contrast to S-starvation, SQDG was not degraded under
phosphorus- or nitrogen-limited conditions (Fig. 2C), which
indicated that the induction system for SQDG degradation is
speciﬁc to S-starvation. It seems reasonable for C. reinhardtii
to utilize SQDG as an S-source, in view of the S-content of
SQDG being almost equivalent to that of rubisco, the most
abundant soluble protein in plants (see below), together with
fundamental dispensability of SQDG for growth that was re-
vealed through physiological characterization of its SQDG-deﬁcient mutant [8]. The possibility has so far been raised that
membrane phospholipids are utilized as phosphorus (P)-
sources in photosynthetic organisms under P-limited condi-
tions on the basis of quantitative decreases of the phospho-
lipids (e.g. [16]). However, utilization of P released from the
phospholipids for the other cellular processes has never been
veriﬁed, e.g. through characterization of a P-budget within
the organisms. To our knowledge, the ﬁnding of the role of
SQDG as an S-reservoir, based on the actual S-budget, is novel
in that this was the ﬁrst corroboration of a physiological
change of the membrane lipid into a storage one.
3.2. Precedent degradation of SQDG over proteins such as
rubisco during S-starvation
In a duckweed Lemna minor, rubisco was preferentially
degraded among proteins in response to S-starvation, and thus
was proposed to become an S-source [17]. However, the
change was followed only on a scale of days (at least 2 days
after onset of the S-stress). We then explored the possibility
that some particular proteins in substantial amounts supply
S during the early phase of S-starvation, by means of SDS–
PAGE of total cell extracts. We estimated that rubisco is pres-
ent at 1.2 pg cell1 in C. reinhardtii under the S-replete condi-
tions on the basis of the intensity of the band of the rubisco
large subunit stained with Coomassie Brilliant Blue (data not
shown). Thus, the level of S in C. reinhardtii attributed to rubi-
sco is 0.87 ± 0.13 fmol cell1, which is comparable to that of
SQDG (0.70 ± 0.05 fmol cell1). However, it was found that
the large subunit of rubisco, in line with the other proteins
detectable on the gel, showed a much slower quantitative de-
crease than SQDG during S-starvation for 6 h (Fig. 3A),
remaining at as high as 84% of the initial level, as found on
Western analysis (Fig. 3B). These results suggested that the
internal S-source for protein synthesis in the cells during this
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Fig. 3. Eﬀect of S-starvation on the protein composition. (A) Total
proteins were separated by SDS–PAGE, and stained with CBB dye in
each time point after sulfur-starvation. The band corresponding to
rubisco large subunit was indicated on black arrowhead. (B) The
content of rubisco large subunit (open square) was quantiﬁed by
Western analysis against total cell extracts. The values are aver-
ages ± S.E. of 3 independent experiments.
4522 K. Sugimoto et al. / FEBS Letters 581 (2007) 4519–4522early stage of S-starvation is hardly accounted for by any par-
ticular proteins such as rubisco that are encoded by house-
keeping genes. Therefore, we can conclude that SQDG is the
main S-source for protein synthesis at the early phase of S-star-
vation. It should be noted, however, that rubisco decreased in
abundance to 66% after 24 h together with several other pro-
teins, which raised the possibility that proteins including rubi-
sco signiﬁcantly contribute as S-sources at a later time, i.e.
after consumption of SQDG. Actually, it was previously re-
ported that C. reinhardtii reduced the rubisco content on a
Chl basis to as low as 3% of the initial level in 48 h [13]. Even
under photoautotrophic growth conditions as well as under
mixotrophic ones, S-starvation for 12 h brought about remark-
able degradation of SQDG that preceded rubisco degradation
(data not shown). Thus, the utilization of SQDG as a major S-
source in the early phase of S-starvation seems to be the gen-
eral response in C. reinhardtii and a key to its acclimation to
S-stress.
It has been found that SQDG is responsible for the struc-
tural and functional integrity of the PSII complex probably
by associating with the complex in Synechocystis sp.
PCC6803 [7], C. reinhardtii [8,9], and, although to a lesser ex-
tent, in a seed plant A. thaliana [18], but absolutely not in an-
other cyanobacterial strain, Synechococcus sp. PCC7942 [7].
The diﬀerence might be interpreted as reﬂecting selection of
PSII that requires SQDG, i.e. PSII of the PCC6803-type but
not of the PCC7942-type, during the evolution of cyanobacte-
ria into chloroplasts [15]. Investigation of the role of SQDG as
an S-reservoir in species other than C. reinhardtii, particularly
in the short-term response, would be useful for obtaining a pic-
ture of how photosynthetic organisms have evolved.
The novel notion of the conditional change of SQDG into
an S-storage lipid will promote a better understanding of mem-
brane lipids in general including phospholipids with integra-
tion of their roles as suppliers of nutrition into a variety of
physiological phenomena such as development and diﬀerentia-
tion in addition to stress physiology. Moreover, our study will
be the foundation for a fuller understanding of how oxygenic
photosynthetic organisms survive under S-stress conditions
and of why they have conserved SQDG throughout evolution,
and thus will give the foundation for molecular engineering of
plants to improve the tolerance to sulfur-deﬁcient stress.
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